The sequence of a protein determines its function by influencing its folding, structure, and activity. Similarly, the most conserved residues of orthologous and paralogous proteins likely define those most important. The detection of important or essential residues is not always apparent via sequence alignments because these are limited by the depth of any given gene's phylogeny, as well as specificities that relate to each protein's unique biological origin. Thus, there is a need for robust and comprehensive ways of evaluating the importance of specific amino acid residues of proteins of known or unknown function. Here we describe an approach called Mut-seq, which allows the identification of virtually all of the essential residues present in a whole genome through the application of limited chemical mutagenesis, selection for function, and deep parallel genomic sequencing. Here we have applied this method to T7 bacteriophage and T7-like virus JSF7 of Vibrio cholerae.
The sequence of a protein determines its function by influencing its folding, structure, and activity. Similarly, the most conserved residues of orthologous and paralogous proteins likely define those most important. The detection of important or essential residues is not always apparent via sequence alignments because these are limited by the depth of any given gene's phylogeny, as well as specificities that relate to each protein's unique biological origin. Thus, there is a need for robust and comprehensive ways of evaluating the importance of specific amino acid residues of proteins of known or unknown function. Here we describe an approach called Mut-seq, which allows the identification of virtually all of the essential residues present in a whole genome through the application of limited chemical mutagenesis, selection for function, and deep parallel genomic sequencing. Here we have applied this method to T7 bacteriophage and T7-like virus JSF7 of Vibrio cholerae.
A fforded by dramatic progress in DNA sequencing cost reduction and increased output that has grown at a rate exceeding that of Moore's law (1) , the compilation of deposited sequences now provides a vast database for identifying proteins and motifs at an increasingly high resolution. This compilation is exemplified in the Pfam database; within 14 y of its inception, there are now more than 12,000 conserved protein families, some represented by over 100,000 sequences (2) . Highly conserved residues have been documented that correspond to the core catalytic and active sites or protein-protein interaction surfaces (3) . Programs such as SIFT (Sorting Intolerant From Tolerant) use amino acid conservation to predict tolerated from deleterious substitutions (4) . However, residues that support the folding and basic structure of the protein may not be as conserved and thus may not be predicted to be essential by such in silico analyses. Such residues may control conformation of a protein only in the context of its own unique polypeptide sequence or in the milieu of a complex of coevolved interacting partners.
To better understand the contribution of each residue to the function of a protein, the specific sequence of a protein must also be understood within the evolved constraints imposed by its organism's biology rather than only by conserved sequences, motifs, or predicted structures. This understanding is often accomplished using mutagenesis and functional analysis. Approaches such as scanning alanine mutagenesis have provided significant insights to functionally important residues of proteins. However, the nonsaturating nature of such analyses, as well as the labor involved, have limited their usefulness to most biochemists and geneticists.
Here we define a unique highly parallel approach to defining functional residues of proteins based on their mutability alone. Our method (Mut-seq) takes advantage of the depth afforded by nextgeneration sequencing to characterize complex pools of mutated genomes and genes for functionality, and in doing so maps coding sequences for residues that show statistically high or low rates of mutability. In brief, we show that a large mutagenized population of viral genomes can be selected for growth fitness and then sequenced as a pool to define which amino acid residues can be changed to one or more other residues, and which cannot tolerate changes at all. The less or nonmutable residues are of special interest in that they may play pivotal roles in a protein's activity as contributors to an enzymes active site, essential functional motifs, or as structural elements or linkers between domains that confer proper protein folding and conformation. These insights into the essential residues contributing to the functionality of proteins may provide a new dataset useful to the development of small molecule inhibitors of essential proteins, and may also inform efforts to suppress drug resistance through evolved mutation.
Results

Sequencing Mutated Phage and Stringent Filtering of Reads to Identify
Single-Base Substitutions. Mut-seq involves operationally the following steps: (i) mutagenesis of a genome or gene; (ii) recovery of a bank of mutagenized targets under a positive selection condition; (iii) deep sequencing of the entire bank; and (iv) alignment of sequence reads to identify and quantify base substitutions within the genomes or genes that represent mutations. We initially tested Mutseq on bacteriophage T7 of Escherichia coli, a podophage with a genome size of ∼40 kb and JSF7, an uncharacterized Vibrio cholerae podophage. We used the chemical mutagen hydroxylamine (HA), which specifically induces transitions of GC base pairs to AT base pairs. HA-treatment allows mutation of the phage genome but DNA is still packaged in the intact virion before genome internalization and replication in the cell. This specific mode of chemical mutagenesis allowed us to titrate the level of mutagenesis accurately, as well as provide a signature of induced mutations and separate these from sequencing errors. We generated and sequenced ∼1.5 million randomly mutagenized plaque-forming units derived from a stock of 10 billion plaque-forming units. Because the mutagenized phage particles were recovered after growth on a bacterial host, we envisioned that only viable replication-proficient phages were sequenced. Deep sequencing of the DNA derived from these
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mutagenized surviving phage progeny allowed us to map and count HA-induced mutations at every G/C position in the T7 genome, and thus measure the mutability across each protein coding sequence. In each of the four replicates, between 6.9% and 9.5% of 160-220 million total reads of 50-nt length were found to contain exactly one single-nucleotide substitution representing a prospective mutation. Stringent filtering was applied using CASAVA v1.8 quality scores (Q38) that predict accuracy 99.98% for the substitution and the flanking 11 nucleotides, further reducing the pool to only ∼1% of original reads (Fig. 1) . This filtering was imposed to remove reads with low-quality scores that may be erroneously counted as false-positive mutations. Within the pool, HA-induced mutations were mixed with other transition and transversion mutations. We attribute this finding to the significant depth of the sequencing coverage (200,000-500,000 per nucleotide), which was sufficient to detect even rare mutations introduced via amplification by the high-fidelity polymerases during PCR and flow-cell clustering, or via inaccuracies in the T7 DNA replication (5).
To ascertain whether the level of mutation was sufficient, we compared the frequency and total number of HA mutations in both There are a restricted number of permitted amino acid changes induced by HA mutagenesis at G/C sites within the genetic code of individual amino acids. Some of these changes result in synonymous mutations and others create nonsynonymous substitutions, disrupt initiation sites, and introduce premature stop codons. To better compare frequencies of mutation between replicates with varying numbers of total reads and subtract the frequency of spontaneous mutations, a normalized mutability index (NMI) was implemented. This implementation was accomplished by multiplying the mutant count (MC) at a base position by a normalization factor derived from the ratio of total mapped reads (both those mapped with no substitutions and with only one substitution/mutation) measured in the mutated and nonmutated replicates, and then subtracting the background MC of base substitution at the same position in the nonmutated pool (see sample calculation in Fig. S1 ). This implementation of a normalization is similar to the RPKM (reads per kilobase per million mapped reads) used for comparing gene-expression data measured in separate RNA-seq experiments with varying numbers of mapped read depth. However, in contrast to RPKM, to calculate and compare NMI values between two Mut-seq experiments, they must share a common nonmutated replicate of the same gene or genome.
The averaged NMI for all synonymous, nonsynonymous, and premature stop-codon substitutions in replicate pairs 1 and 2 were plotted against one another, and for each group were found to be similar. The correlation of the averaged NMI calculated between replicates 1A/B and 2A/B is graphed in Fig. 2 A-C; the ∼45°slope and intercept of plotted values demonstrates lack of bias in overall NMI value for either replicate. Fig. 2A shows the distribution of stop codons in essential genes and the corresponding average NMI value of the population in each replicate. As expected, the average threshold for nonsynonymous and synonymous mutations ( Fig. 2 B and C) indicated greater mutagenic permissiveness than that found for stop codons.
To assess detailed mutagenic depth on a gene-to-gene basis, the frequency of each substitution and resulting amino acid change, when applicable, was used to develop a mutational profile across the entire genome and 60 ORFs (Dataset S1). For residues in many essential genes, nearly 90% of nonsense mutations were found to have low NMIs less than 5, suggesting these indices may be useful for calculating essentiality of each gene. To evaluate known essential and nonessential genes, each of the 60 ORFs was compared by dividing the corresponding average NMI for premature stop-codon changes by the NMI for synonymous substitutions. This stop codon to permissive ratio was implemented as a relative metric for comparing the known essential to nonessential or conditionally essential T7 genes. The average ratio for all but one essential gene was found to be less than 0.43, whereas for other genes this increased to as much as 2.5 ( Fig. 3 D and E) . Only one essential gene differed. Gene 17 encodes for tail fiber and alone has been shown to complement defective gene 17 mutants in trans in liquid cultures (6) , and therefore it seems likely that fibers released from lysed cells diffused and complemented defective fiberless 17 mutant phages.
Conserved Residues and Essential Residues Show Low Mutability in
an Essential T7 replication Protein. Because trends in NMI values were found to correlate between replicates, we investigated the significance of NMI values at base positions that encode known essential and conserved residues. Information about essential residues and lethal mutations in T7 transcription and DNA replication proteins can be gathered from previous work. In addition, these enzymes have solved X-ray crystal structures. Here we investigated mutations in T7 gene 2.5 [T7 single-stranded binding (SSB) protein], gene 1 (T7 RNA polymerase), and gene 5 (DNA polymerase), three genes that fit these criteria. T7 SSB is a small protein homodimer that serves a strict structural role in stabilizing ssDNA. Using the solved X-ray crystal structure as a scaffold, many of the essential residues have been shown to be important for forming the DNA-binding cleft and stabilizing the dimer (7, 8) .
The important residues in T7 gene 2.5 (SSB) were measured to have a significantly decreased NMI when the mutation produced a nonsynonymous codon. We matched the least mutable residues identified in all four replicates with known essential residues and those most conserved (bit score 3.5) within a group of 19 T7 SSB protein homologs (PHA00458 superfamily). Fig. 3B shows the conserved and essential amino acid residues in T7 gene 2.5 and its defined secondary structure prediction. Using this template, we mapped the least-mutable amino acid residues to known essential or conserved residues. The essential group was identified by Rezende et al. (7) as a set of 20 single amino changes in SSB shown to be lethal for T7 growth. Of the 13 essential amino acids that can be targeted by HA mutagenesis, 12 were shown to be nonmutable or least mutable, the exception being at the V168 residue. In the reference list, the V168F allele was shown to be lethal; however, the valine codon used and HA-induced transition limits this change to a more a similar isoleucine, which is likely a tolerated substitution. Furthermore, we indentified an expanded set of potentially disruptive or lethal mutations that alter residues proximal to those previously found to be essential (7) . Together with known essential residues, some reside within the β-barrel domain, near DNAbinding domains, within protein loops, and within the C terminus.
To test the predicted essentiality of low NMI residue substitutions, the growth of a T7 phage-disrupted gene 2.5 with a trxA gene insertion was measured after complementation with six different nonsynonymous gp2.5 mutant genes or wild-type. A number of alleles were selected with NMI values ranging between −0.83 and 3.78. Three of six mutants impaired the efficiency of plating (EOP), two significantly (Fig. 2C) smaller burst sizes (less than 13) than the complemented wild-type gene (∼50). These results are consistent with our Mut-seq data for the low mutability of these residues because mutant viruses with these alleles would be expected to have a significant reduction in their efficiency of infection and burst size. Within the pool of genomes that survive mutagenesis, such mutants would be depleted, and thus fewer reads for mutations of this sort would be found. Indeed, this result was the case for the majority of "tolerated mutations" in residues that otherwise have low MNI values. These results are thus consistent with the underlying hypothesis that changing residues with low mutability will produce phages that are dramatically reduced in replication fitness.
Correlation of Predicted Structural Changes with a Subset of Residues
That Exhibit Low NMI and Low MC in Other T7 Essential Genes with Solved Structures. To further investigate the expanded repertoire of mutants, we used in silico structural prediction to correlate NMI and change of total free energy (ΔΔG) between every HA-induced tolerated mutant and the wild-type protein using the PDB structure (Dataset S2). In this work we used FoldX (9), a proteinstructure algorithm that uses empirical force fields to test the predicted change in free energy of every possible HA-directed mutation. It was expected that mutations in essential genes with predicted higher positive ΔΔG values should be generally deleterious to the protein conformation and also likely to negatively impact T7 growth, and thus selection would produce a specific low MC for a tolerated mutation. In the scope of this work, we applied this analysis to identify general trends between ΔΔG and NMI without attempting to interpret the consequence of individual changes or assigning quantitative importance.
There was a strong inverse correlation between predicted ΔΔG values and mutational depth; many of the mutations with ΔΔG values greater than +10 were least mutable (NMI < 5) (Fig. 3A and Dataset S2). A majority of the predicted "most disruptive" mutations included those previously identified as conserved or essential. In addition, we discovered substitutions within the expanded least-mutable set that were not predicted to disrupt structure. These substitutions include some of the mutants used for complementation and validated to be impaired for T7 growth.
To similarly examine mutability of other T7 proteins with available PDB structures, we applied this analysis using structures of T7 RNAP and T7 DNAP (Fig. 4 and Dataset S3). We expected the least-mutable residues to either interfere with protein structures or to interfere with catalysis or interactions with partner proteins. As with T7 SSB, there is a trend for residues with large ΔΔG values to exhibit reduced or minimal NMI values. A majority of the catalytic residues have NMI values less than 3 and when substitutions with high NMI were found in gene 5, these mutations were not predicted to be structurally disruptive to the encoded protein.
Mutability Changes When T7 RNAP Is Provided in Trans. To examine changes in mutability in the apparent absence of selection, we used the T7 RNAP gene. The primary difference between replicate 1 and replicate 2 is that the mutated T7 phage pool was grown and plated separately on both lawns of E. coli Bl21 and Bl21 DE3, a strain expressing a copy of the gene 1 (T7 RNAP) from the chromosome. We found the difference in mutability for gene 1 was not striking, although there is some level of dissimilarity. The average NMI for substitutions in gene 1 that created premature stop codons and nonsynonymous mutations at essential residues were measured to be low in both replicates. These NMI values for predicted nonpermissive substitutions were found to be only 2× higher for mutant phages plated on Bl21 DE3 (Fig. 5) , suggesting that these base substitutions were still deleterious or less permissive for growth when T7 RNAP was expressed in trans.
Nonmutable Regions in T7 RNAP Correspond to Essential Motifs and
Residues. T7 RNAP is a single-subunit enzyme with well-defined catalytic domains. Like other polymerases, the structure of T7 RNAP has been described as a "cupped right-hand" and, accordingly, many of the relevant subdomains are aptly named as "palm," "thumb," and "fingers" (10) . Residues in the finger and palm domains are folded into close proximity to form the catalytic pocket/active site and include positions known to be absolutely essential (11) . Three motifs (A, B, C) are occupied by pivotal conserved and catalytic residues found other RNA and DNA polymerases (10, 12) . In addition, the DX2GR motif, conserved in both DNA and RNA polymerases, occupies the palm domain and is shown to contact and stabilize the RNA: DNA hybrid (13) . These motifs and other conserved residues scattered throughout the protein were implemented as benchmarks to further assess the mutational profile of the gene. Furthermore, 92% of substitutions that created nonsense mutations in gene 1 were found to have NMI values less than 5; thus, this value was chosen as a threshold for least permissive. Mutations in conserved residues exhibited low mutability or were synonymous; this included specific residues in the ABC motifs that have been documented to be deleterious when mutated and that are known to be invariant in other DNA-dependent RNA polymerases (Fig. 6 C-E) (12) . Some of these critical residues (K631 and Y639) cannot be mutated by HA because of their base composition, but the others were found to be among the least mutable positions in the protein. In the conserved DX2GR motif we found some residues exhibited similar levels of nonmutability (Fig. 6A) . A decreased NMI was also measured in the last four C-terminus residues, referred to as the "foot" (Fig. 6F) . Residues in this hydrophobic region are found to be flexible and contact residue D812 proximal to the active site. Evidence suggests these foot residues are important for magnesium-dependent catalysis and interaction with the incoming nucleotide and downstream DNA (14, 15) . Notably, the NMI for synonymous mutations was found to be consistently increased compared with nonsynonymous mutations. Synonymous mutations comprised between 60% and 100% of those with NMI greater than 5. Conversely, only about 10% of synonymous changes exhibited low NMI (NMI < 5) values. Because some of these motif residues can be mutated to either class, these data provide a strong internal control for the observed skew in mutability between synonymous vs. nonsynonymous mutations.
One of the powerful applications we envision for Mut-seq is to confirm functions of gene products inferred by homology but for which no biochemistry is available. We reasoned that a similar NMI map across conserved residues of a heterologous gene that was selected for biological function would provide proof that that gene's product likely performed the same function as its biochemically characterized ortholog. To test this idea, we performed Mut-seq on V. cholerae phage JSF7, a podophage that encodes two T7 RNAP-like proteins. It is unclear why this T7-like phage possesses two polymerase genes, one positioned early as in T7 and the other positioned in the middle of its 46-kb genome after the genes for DNA replication proteins. When aligned to T7 RNAP, the coding sequences for ORF4 and ORF37 possess 17% and 28% amino acid homology to T7 RNAP, respectively (Fig. S2) .
The observed MC for important residues was consistent with both phage RNAP polymerases being essential (Dataset S4). Base substitutions that produced nonsense mutations exhibited much lower counts than those that produced synonymous and nonsynonymous substitutions. Unexpectedly, we also found that G-to-A mutations were overrepresented significantly compared with C-to-T changes. We hypothesize that this G-to-A bias is a consequence of strandspecific DNA replication that results in only one of the strands being copied into the template used for DNA subsequent replication early during infection.
Active site and conserved motifs are to be found in both; however, the C-terminal foot motif is missing in ORF4. As shown in Fig. 6G , the landscapes of NMI values for residues in key motifs that are conserved between the T7 RNAP and both putative RNAPs of phage JSF7 were indeed very similar and included the well-characterized invariant T7 D537 and D812 positions and a number of neighboring residues shown to be important for enzyme activity in a number of biochemical studies (11, 13, 15, 16) . This result provides strong genetic and biological evidence that the putative RNA polymerases are probably both active RNAPs, and that the conservation of amino acid sequence reflects the same biochemical constraints for functionality of these three heterologous enzymes.
Discussion
We have described a method, termed Mut-seq, which allows the very efficient identification of putative essential residues in genes and genomes. Other previous work has coupled chemical mutagenesis with phenotypic selection and deep sequencing to successfully identify individual residue mutations that impose defects in a selected pathway (17) . The key attribute of this method is the ability to resolve, through deep sequencing and subtractive analysis, both deleterious as well as tolerated mutations, from simple mutational noise associated with PCR and other sequencing technologies. This process was done by comparing a mutated to a nonmutated pool of targets and then imposing a quality-score filter to map and measure the frequency of specifically HA mutageninduced mutations. We predict that recent approaches developed to address the level of mutational noise when applied to Mut-seq databases will allow even deeper mapping of true mutations that survive selection (18). RNAP to show conservation of amino acid sequence and mutability. Conserved motifs are mapped. Residues and corresponding T7 RNAP positions known to significantly impair the enzyme activity when mutated, or T7 growth, are indicated by arrows and labeled. Residues that cannot be mutated to a nonsynonymous residue by HA are shaded. If a residue is measured to be nonmutable, it is underlined in red and when immutability is conserved, the conserved residue is colored red. If no conservation is apparent, this is replaced by a red dot. Premature stop codons are indicated as to separate from true nonsynonymous mutants.
In applying Mut-seq it is important to achieve a high level of mutagenesis to confidently detect and measure the mutability of residues susceptible to mutagen-induced changes. Conceptually, we predicted that less than one mutation per gene or genome would ideally ensure that each mutation was being scored for its ability to permit or prevent function of the gene in the context of the biological selection imposed (e.g., phage growth). Here we exceeded one mutation per genome, which could have interfered with our objective to measure the effects imposed by each single residue change in the absence of other mutations. However, within a protein or genome, it seems highly unlikely that at 3.8 mutations per genome, suppressor mutants or synthetic lethal double or triple mutants significantly biased NMI values in this study.
It should be noted that infrequent substitutions that created synonymous mutations were measured to have very low NMI values, and some premature stop codons in essential genes had higher than expected NMI values that suggested permissiveness. We attribute some of these observed variations to the readthrough of stop codons. The efficiency of translational termination for stop codons varies based upon the identity of the triplet and neighboring bases (19, 20) . Why some synonymous codons in essential genes appear to be nonpermissive is less clear. Rigorous statistical analysis of stop and all codon use has been completed for bacteriophage T7 (21) and coupling this sort of methodology to the mutagenic frequency of each kind of codon change may help explain these discrepancies. We expect there are a number of standalone analyses that can be applied to generated Mut-seq datasets.
Although polarity is a complicating factor in prokaryotic translation-coupled transcription, it was not considered to be relevant here. Studies found that amber mutations did not appear to have a polar effect of T7 RNAP transcription of T7 DNA (22) . Host transcription and intrinsic termination of early T7 genes is shown to be unaffected by polarity suppressors (23) . Furthermore, host transcription of DNA from of the early promoters of T7 is antiterminating, and thus minimizes ρ-mediated termination during transcription of early genes (24) .
For bacteriophage T7, the massive assembly of individual mutations that vary in frequency provides an additional resource for probing important and essential residues in proteins of interest. The increased panel of newly identified nonmutable and highly mutable residues in transcription and replication proteins may illuminate new targets for understanding requisite mechanisms. Similarly, there are nucleotide positions in intergenic regions that also exhibit immutability (Dataset S5) that may be useful for investigating cis-acting regulatory sequences. Many of these 60 proteins and motifs are conserved within genes present in other T7-like phages, and thus may provide a new resource for understanding the biology of this virus family. By probing the mutability of residues found in genes encoding two putative single-subunit RNA polymerases encoded by vibriophage JSF7, we also demonstrated that conservation of residues in encoded gene products reflects their essential functionality, even when gene products are evolutionarily distantly related.
To perform Mut-seq effectively, a strong positive selection is essential; this was achieved here because phage DNA must be ejected, transcribed, replicated, and packaged in an infectious virion to be recovered efficiently from a virus plaque. Clearly, one can apply Mut-seq to analyze other protein or viral targets (e.g., those needed for antibiotic resistance or bacterial growth) by simply using appropriate plasmid or virus expression systems that allow functional selection of target protein's function. Furthermore, one can apply Mut-seq to define tolerated mutations and nontolerated mutations in different selective environments (e.g., growth of an animal virus in tissue culture versus growth in an immunologically naive or immunized experimental animal). Such an analysis would likely contribute to our understanding of requirements for growth, tissue tropism in vivo, and escape of immune responses. The mining of databases that contain the diversity of polymorphisms found in HIV genomic sequences provides another example of how a Mut-seq database might be mined to define fitness landscapes for a mutagenized target gene or genomic sequence and in that way inform the design of better immunogens (25, 26) . Moreover, besides mapping essential and nonessential residues in proteins of interest, Mut-seq databases may provide a new source of valuable information for small molecule drug design. By knowing in advance which residues of a target protein are mutable and which are not, we envision that crystallographers and chemists will be able to more confidently design small molecules that engage essential residues of the target while minimizing contacts with nonessential residues. Such an approach is likely to minimize the likelihood of evolved drug resistance through the mutation of nonessential amino acid residues in the target protein.
Another useful application of Mut-seq will be in the design of live-attenuated viral vaccines, one of the most historically efficient means of producing safe, immunogenic, and protective immunoprophylactics (27) (28) (29) (30) (31) (32) (33) . The precision that Mut-seq allows identification of mis-sense mutations that reduce viral fitness but do not block replication, would likely allow investigators to deduce combinations of mutations that should show a desired combined level of attenuation. By application of genome synthesis methods (34) (35) (36) (37) , designers could construct a mutant viral genome that carries a combination of fitness-reducing mutations identified by Mut-seq analysis; such a mutant virus would be predicted to have a fleetingly low chance of reversion to wild-type. Even incremental steps in the reversion of such a virus could be further monitored quantitatively by Mut-seq analysis of the progeny of this genetically engineered attenuated virus after growth in the host. Finally, by using Mut-seq to define essential genes and residues for growth in an experimental host animal with those required for growth on cell lines in vitro, investigators should be able to define virulence and host-specific fitness genes that do not alter in viral fitness for manufacture in vitro. Thus, Mut-seq should see applications in the design of better live-attenuated viral and perhaps bacterial vaccines.
Methods
Strains, Phage, and Plasmids. E. coli strains BL21[fhuA2 (lon) ompT gal )dcm] ΔhsdS] and BL21 DE3 [fhuA2 (lon) ompT gal (λ sBamHIo ∆EcoRI-B int::(lacI:: PlacUV5::T7 gene1) i21 ∆nin5) (dcm) ∆hsdS] were purchased from New England Biolabs. E. coli strains HMS157 (F-, recB21 recC22 sbcA5 endA gal thi sup) (38) and JW5856 [F-, Δ(araD-araB)567, ΔlacZ4787(::rrnB-3), λ-, rph-1, ΔtrxA732::kan, Δ(rhaD-rhaB)568, hsdR514] (39) have been previously described. Bacteriophage T7 was a kind gift from Ian Molineux (University of Texas at Austin, Austin, TX). The stock of T7 used for this study has two point mutations, a G-to-T mutation at 15094 (Gene 4 A248S) and an A-to-G mutation at 29258 (Gene 16 K312G). These mutations were discovered during sequencing and appropriate changes were made to the reference sequence during mapping.
To prepare purified phage particles from liquid cultures, T7 phage was added to rapidly shaking flasks containing well-aerated 150-mL cultures of exponentially growing Bl21 or Bl21:DE3 cultures in LB at 30°C. Upon complete lysis and clearing, lysates were made 1 M NaCl and cell debris was removed by centrifugation. To purify phage from plaques grown in soft agar, cold 30 mL LB was added to the soft agar overlay of 150-mm plates, top agar was scraped, allowed to sit for 15 min at 4°C, and then LB was collected with scraped top soft agar, vortexed, and centrifuged to removed bacteria and agar. Phage was precipitated overnight on ice by addition of 8% (wt/vol) PEG, resuspended in 8 mL cold 100 mM NaCl, 50 mM Tris pH 8.0, and purified by ispoynic density gradient centrifugation in CsCl.
The T7 phage possessing the gene 2.5 disruption (T7Δ2.5::trxA) was constructed by digesting T7 DNA with MluI and then ligating a MluI-site flanked PCR product of E. coli trxA gene linked to an upstream Shine-Delgarno and disrupting gene 2.5. The gene was not removed and replaced by trxA as before (38) in the case gene 2.5 mutants were to be recombined back to replace trxA to test complementation in the context of phage-directed expression. Ligated DNA was transfected into competent HMS157 pTopo-2.5 using the calcium chloride-shocked cells (40) and plaques were tested and purified. When the phage with the disrupted gene 2.5 was confirmed, it was subsequently propagated on BL21 pTopo-2.5.
The plasmid pTopo-2.5 was constructed by amplifying the gene from T7 DNA and cloning it under T7 promoter control in pTopo-2.1 (Invitrogen). The corresponding set of cloned point mutants were cloned into pTopo-2.1 and sequenced to confirm accuracy and directionality to the T7 promoter.
Burst Size and EOP U T7 Gene 2.5 Mutants. Burst size and EOP measurements for T7 gene 2.5 mutants was completed by infecting set of E. coli BL21 strains transformed with the corresponding set of mutant and wild-type pTopo-T72.5 plasmids. To determine EOP, the T7Δ2.5::trxA phage was plated on each a cells expressing each gene 2.5 mutant and by dividing the permissive titer when plated on Bl21 pTopo-2.5(WT). For phage burst size measurements, each complementing strain was grown in liquid at 30°C and 5 mL (5 × 10 8 cells/mL) were infected with T7Δ2.5:trxA at a multiplicity of 0.1. At 16 min, cells were diluted 10,000× into 5 mL 30°C LB and a 1.0 mL aliquot was vortexed with chloroform to kill infected cells, then centrifuged at 13,500 × g for 2 min using an Eppendorf 5424 micro centrifuge, and the supernatant was titered on Bl21 pTopo2.5(WT) to measure unabsorbed phage. The remaining infected culture was maintained shaking at 30°C and the aliquots were taken and titered on BL21 pTopo2.5(WT) at increments of 20, 30, 35, 40, 45 , and 50 min postinfection and incubated overnight at 30°C in tryptone top agar. Phage titers increased between 30 and 45 min and then plateaued at 50 min. The titer at 20 min minus that unabsorbed was used to calculate the number of infecting particles. The burst per infected cell was calculated by dividing the titer measured at 50 min postinfection by the initial infecting titer.
Mutation of Phage. Purified T7 phages were treated with HA to mutate the genome in vitro before infection at a frequency that maximized both mutation and yield of infectious particles. HA permeates the viral capsid and modifies the 4-carbon of the cytosine pyrimidine ring via an addition of a hydroxyamino group. This process generates a distinct class of G:C to A:T transitions (41) (42) (43) . We prepared HA stocks as done previously and recommended for other phage mutagenesis protocols (44) . To a sterile tube, 0.33 g of HA and 560 μL of 4 M NaOH is brought to 2.5 mL to make a 2 M HA (pH 6.0) solution. As done previously, we treated the phage with several concentrations of HA between 0.1 M and 1.0 M HA for 24 h at 4°C, dialyzed to 100 mM NaCl, 50 mM Tris pH 8.0, and plated to select for a pool that exhibited a reduction in titer of about 2-3 log 10 . This result is reported to correspond close to one mutation per unit length genome (44) . Furthermore, in this reduction, a significant portion of phages are also inactivated by HA because it cleaves peptide bonds between asparagine and glycine (45) . Although absent in the abundant virion capsid subunits, there are between five and eight Asn-Gly dipeptides in two of the internal core virion proteins and those that assemble into the tail tube and fibers. Of the phages that do infect and produce infective centers, one might expect each of these plaques originating from a viable wild-type or permissive mutant genome packed in an intact virion. To maximize independent mutations, phage stocks were treated with the mutagen and plated at a concentration chosen to generate a dense lawn of separated, individual plaques to avoid recombination between unrelated phage. Mutated phages were plated and selected on BL21 or BL21 DE3 on a 150-mm plate at a density of about 75,000 1.0-mm plaques per plate. Phage from 15 150-mm plates were pooled and purified. Because 10 billion phages were treated and only about 0.1% recovered, each recovered phage possessed an average of 3.8 mutations. At this density, given ∼150,000,000 × 50-nt reads, every one of the 19,329 G/C residues would be represented by about 36 independent mutations, providing ample opportunity to sample every HA-induced residue change.
Library Preparation and Sequencing. CsCl-purifed phage was dialyzed overnight in 1 L 4°C 50 mM Tris•Cl, 1 mM EDTA pH 8.0. DNA was extracted from dialyzed T7 phage using a one-third volume of Tris•Cl (50 mM) equilibrated mixture of phenol:chloroform:isoamyl alcohol (25:24:1) pH8.0. We vortexed this mixture to disrupt phage virions and incubated at 50°C (20 min) to separate the top aqueous phase-containing nucleic acid from the protein interface and the phenol:cholorform:isoamyl. This process was done in triplicate and DNA was precipitated in cold ethanol, washed twice with 80% ethanol, dried, and dissolved in water. DNA was sheared at 4°C using sonication (QSonica Q800R) for 30 min at 60% amplitude to produce an average fragment size of ∼200 bp. Libraries were built using NEBNext DNA Library Mastermix kit protocol and amplified with standard multiplex Illumina primers. Sequencing was achieved using 50 cycles (single end) on the Illumina HiSEq 2000 system and analyzed using the CASAVA 1.8.2 Illumina Data analysis pipeline.
Aligning Reads and Mapping Substitutions. Reads were mapped to the complete reference T7 nucleotide sequence or to the nucleotide sequence of each JSF7 RNAP gene (ORF4 and ORF31) and then filtered using CLC-Genomics Workbench 4.8. First, all perfectly matching 50-nt reads (those lacking mismatches) were mapped and separated. Remaining reads that mapped and aligned with only one mismatch were kept and the quality scores were used to further vet base substitutions with greater confidence. A CASAVA 1.8 quality score of 38 (of 40) or higher was applied as a cutoff for the mismatch and the flanking 11 nt on either side. The identity and quantity of each single mutation at each position was tabulated. This table of counts was crossreferenced to all possible HA-induced mutations (G/C sites) to map total substitution counts at each position. No mutations were mapped to either of the 115 terminal bases as they are repetitive and not unique. Because the 50-nt read length anchors some of 165-nt repeats to unique adjacent sequences, the unique region of the T7 genome was extended to include these regions.
In the JSF7 mutant pool we found a large proportion of G positions to be changed, whereas C-position substitutions were largely underrepresented. This artifact may be explained by strand-specific replication of one strand during the phage infection (i.e., rolling circle) and all second-strand replication occurring on only newly synthesized DNA. Thus, G-to-A transitions can be explained directly by HA-mutagenesis, whereas the C-to-T change would normally require this mutation to be introduced indirectly during replication of second strand. Here Mut-seq has identified the first strand replicated and we have only included G-specific mutational changes for JSF7 in the analysis pipeline.
Identification of Phage Mutations and Mapping Residues Changes in Each
Protein. Each annotated T7 gene was extracted from GenBank accession V01146 as a FASTA nucleotide file. Genes 6B and 10B are both products of translational frame-shifts and these FASTA file adjustments were made to represent the coding sequence, accordingly. The identity of every nucleotide position was examined and for each single G or C, the corresponding HAinduced A or T change was introduced into a new FASTA file. These FASTA files were translated into amino acid FASTA format, aligned to the reference FASTA with BLASTP, and a table of all synonymous and nonsynonymous changes was recorded. The complete list of synonymous and nonsynonymous residue substitutions for every possible HA-induced mutation provided a reference for the substitutions mapped in each replicate.
FoldX in Silico Structural Prediction. Multiple PDB files for each of the T7 SSB, RNAP, and DNAP proteins are available from the Research Collaboratory for Structural Bioinformatics PDB protein data bank. Within the scope of this work, a single PDB; 1JE5.PDB (T7 SSB), 1QLN.PDB (T7 RNAP), and 1T7P.PDB (T7 DNAP) were selected to measure the ΔΔG for each mutation. To run simulations of all possible HA-induced substitutions as a batch, all possible HA-induced mutations, with the exception of premature stop codons, at residues that are present within each PDB file were tested in a standalone FoldX package (FoldX v3.0 beta 5.1). The total predicted ΔΔG was tabulated for each possible mutated residue and then compared with NMI values.
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